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Voltage-gatedsodiumchannels (NaV)are functionallyexpressed
in highlymetastatic cancer cells derived fromnonexcitable epithe-
lial tissues (breast, prostate, lung, and cervix). MDA-MB-231
breast cancer cells express functional sodium channel complexes,
consisting of NaV1.5 and associated auxiliary �-subunits, that are
responsible for a sustained inward sodium current at the mem-
brane potential. Although these channels do not regulate cellular
multiplicationormigration, their inhibitionby the specific blocker
tetrodotoxin impairs both the extracellular gelatinolytic activity
(monitored with DQ-gelatin) and cell invasiveness leading to the
attenuation of colony growth and cell spreading in three-dimen-
sional Matrigel�-composed matrices. MDA-MB-231 cells express
functionalcysteinecathepsins,whichwefoundplayapredominant
role (�65%) in cancer invasiveness. Matrigel� invasion is signifi-
cantlydecreased in thepresenceof specific inhibitorsof cathepsins
BandS (CA-074andZ-FL-COCHO, respectively), and co-applica-
tionof tetrodotoxindoesnot further reducecell invasion.This sug-
gests that cathepsins B and S are involved in invasiveness and that
their proteolytic activity partly depends on NaV function. Inhibit-
ing NaV has no consequence for cathepsins at the transcription,
translation, and secretion levels. However, NaV activity leads to an
intracellular alkalinization and a perimembrane acidification
favorable for the extracellular activity of these acidic proteases.We
propose thatNav enhance the invasiveness of cancer cells by favor-
ing the pH-dependent activity of cysteine cathepsins. This general
mechanismcould lead to the identification of new targets allowing
the therapeutic prevention ofmetastases.

Breast cancer is the most common female cancer and the
primary cause of death in women by cancer worldwide (1).

Deaths occur primarily after the development of metastases.
The invasive potential of malignant cells is mainly linked to
their capacity to degrade basement membranes and extracellu-
lar matrices by various proteases. Studies have mostly focused
on metalloproteases, including matrix metalloproteinases and
the closely related ADAMs (a disintegrin and metalloprotein-
ase) and ADAMTs (a disintegrin and metalloproteinase with
thrombospondin motifs) (2), that are key factors in growth,
invasion, and angiogenesis, and to a lesser extent on aspartyl
and serine proteases. Pharmaceutical inhibitors of matrix met-
alloproteinases have been developed, but the results from clin-
ical trials with these drugs have so far been disappointing (3, 4).
On the other hand, cysteine cathepsins (Cat)4 related to papain
(family C1, clan CA), which have been confined for decades to
housekeeping tasks including intracellular degradation of
endocytosed proteins (5), are now known to fulfillmore specific
functions in numerous biological processes (such as antigen
presentation, enzyme or hormone maturation, bone resorp-
tion, etc.) and pathologies (6, 7). Recently, they have emerged as
important protagonists in cancer and have been reported to be
involved in apoptosis, angiogenesis, proliferation, migration,
and invasion (8–10). Although Cat are predominantly
expressed in acidic endosomal/lysosomal compartments, they
are also found to be extracellularly active at physiological pH, as
membrane-bound and soluble forms (11–14). Nevertheless
knowledge still remains limited concerning transport pathways
and regulation of extracellular Cat in cancer cells.
The involvement of ion channels in carcinogenesis and

tumor progression begins to be unraveled even though their
roles are not totally understood. Presently, there is growing
evidence emphasizing the abnormal expression and function of
voltage-gated sodium channels (NaV) in cancer cells and their
involvement in invasiveness (15). Indeed, NaV, which are up-
regulated in human breast cancer tissues and associated with
breast cancer progression, are functionally expressed in the
highly metastatic MDA-MB-231 breast cancer cells in which
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they potentiate invasion (16, 17). This makes MDA-MB-231
cells a good model for studying the specific molecular mecha-
nisms linking the activity ofNaV to invasive properties of cancer
cells. In this context, the aim of the present study was to iden-
tify, among proteolytic enzymes involved in cancer cell inva-
sion, those that are regulated byNaV activity.We demonstrated
that Cat are the predominant proteases involved in MDA-MB-
231 invasiveness and that the activity of NaV favors the pericel-
lular activity of CatB and CatS, through the acidification of the
perimembrane pH. We also performed experiments in non-
small cell lung cancer cells (H460 cell line), which also express
functional NaV involved in cellular invasiveness (18). Similar
results were obtained, highlighting the fact that Cat are partly
regulated by NaV activity. This work presents a new general
mechanism for highly metastatic cancer cell invasiveness.

EXPERIMENTAL PROCEDURES

Inhibitors, Substrates, and Chemicals—Tetrodotoxin (TTX)
was purchased from Latoxan (France) and was prepared in
pH-buffered physiological saline solution at pH 7.4. Fluores-
cent dyes for measuring internal and perimembrane pH
(BCECF-AM and DHPE, respectively) were purchased from
Invitrogen (France). Protease inhibitors and substrates were
purchased from Calbiochem (VWR International). The cell-im-
permeant Cat inhibitors are: E-64 (100 �M), a broad spectrum
inhibitor (19), CA-074 (L-3-trans-(propylcarbamoyl)oxirane-2-
carbonyl)-L-isoleucyl-L-proline, 25 nM), a CatB inhibitor (20),
N-(4-biphenylacetyl)-S-methylcysteine-(D)-Arg-Phe-�-phen-
ethylamide, 200 nM), a CatL inhibitor (21), Z-L-NHNH-
CONHNH-LF-Boc (1-(N-benzyloxycarbonyl-leucyl)-5-
(N-Boc-phenylalanyl-leucyl)carbohydrazide, 100 nM), a CatK
inhibitor (22), and Z-Phe-Leu-COCHO (2 nM), a slow, tight
binding inhibitor of CatS (23). Fluorogenic substrates were Z-
Phe-Arg-AMC (Z-FR-AMC), Z-Arg-Arg-AMC (Z-RR-AMC),
Z-Leu-Arg-AMC (Z-LR-AMC), and Z-Gly-Pro-Arg-AMC (Z-
GPR-AMC). Other drugs and chemicals were purchased from
Sigma-Aldrich.
Cancer Cell Culture and Colony Growth—The cancerous

human cell lines, MDA-MB-231 (breast) and H460 (lung) were
purchased from theATCCand cultured inDulbecco’smodified
Eagle’s medium (DMEM; Cambrex) supplemented with 5%
fetal calf serum. When indicated, MDA-MB-231 cells were
seeded on a planar film or in a three-dimensional matrix of
Matrigel�. Experiments assessing the involvement of Na� in
the invasion process were performed in “Normo Na” and in
“LowNa” culturemedia. These culture solutionswere prepared
from a DMEM solution (Cambrex) deprived of NaCl, KCl, and
CaCl2. The NormoNa solution was prepared by adding 5.4 mM
KCl, 2 mM CaCl2, and 110 mM NaCl. The Low Na solution was
prepared by adding the same salts as above except that NaCl
was replaced by 110 mM choline chloride. Under these condi-
tions, the total concentrations of Na� are, respectively, 155 and
45 mM (45 mM of Na� being supplied in both conditions by 44
mM NaHCO3 and 1 mM NaH2PO4). These solutions were then
supplemented with 5% fetal calf serum. Cell size, number, and
size of colonies, and the number of cells spreading into the
three-dimensional matrix were analyzed with the ImageJ soft-
ware 1.38I (National Institutes of Health). The assessment of

sizes for cells and cell colonies was done by evaluating cell sur-
face from pictures coming from separate experiments. The
numbers of colonies and cells were counted from pictures.
Electrophysiology—Patch pipettes were pulled from borosili-

cate glass to a resistance of 4–6 M�. Currents were recorded,
in whole cell configuration, under voltage clampmode at room
temperature using an Axopatch 200 B patch clamp amplifier
(Axon Instruments). Analogue signals were filtered at 5 kHz
and sampled at 10 kHz using a 1322A Digidata converter. Cell
capacitance and series resistance were electronically compen-
sated by about 60%. The P/2 subpulse correction of cell leakage
and capacitance was used to study Na� current (INa). Sodium
currents were recorded by depolarizing the cells from a holding
potential of �100 mV to a maximal test pulse of �5 mV for 30
ms every 500 ms. The protocol used to build sodium current-
voltage (INa-V) relationships was as follows: from a holding
potential of�100mV, themembranewas stepped to potentials
from �90 to �60 mV, with 5-mV increments, for 50 ms at a
frequency of 2 Hz. Availability-voltage relationships were
obtained by applying 50-ms prepulses using the INa-V curve
procedure followed by a depolarizing pulse to�5mV for 50ms.
In this case, the currents were normalized to the amplitude of
the test current without a prepulse. Conductance through Na�

channels (gNa) was calculated as already described (17). The
current amplitudes were normalized to cell capacitance and
expressed as current density (pA/pF).
The physiological saline solution (PSS) had the following

composition: 140 mM NaCl, 4 mM KCl, 1 mM MgCl2, 2 mM
CaCl2, 11.1 mM D-glucose, and 10 mM HEPES, adjusted to pH
7.4 with NaOH (1 M). The intrapipette solution had the follow-
ing composition: 125 potassium glutamate, 20 mM KCl, 0.37
mM CaCl2, 1 mM MgCl2, 1 mM Mg-ATP, 1 mM EGTA, 10 mM
HEPES, adjusted to pH 7.2.
Assessment of Gelatinolytic Activity by Confocal Microscopy—

MDA-MB-231 cells were cultured in a three-dimensional
Matrigel� matrix containing 25 �g/ml of DQ-Gelatin�
(Invitrogen) on glass coverslips for 24 h and were then fixed for
10min in 4% paraformaldehyde in phosphate-buffered saline at
room temperature. Confocal microscopy was performed with
an Olympus Fluoview 500 instrument. The samples were
excited at 495 nm, and emission light was recorded at 515 nm.
Fluorescence densitywas quantified by image analysis thanks to
the ImageJ software 1.38I.
Cell Survival and Proliferation—The cells were seeded at 4�

104 cells/well in a 24-well plate coated or not with Matrigel�
and were grown for a total of 5 or 6 days. The culture medium
and TTX and/or Cat inhibitors were changed every other day.
Growth and viability of cells were measured as a whole by the
tetrazolium salt assay (24) as previously described (17). Viable
cell numberwas assessed at 570 nm (formazan absorbance) and
normalized to the control condition, withoutTTX (on the same
day of the experiment).
Migration and in Vitro Invasion Assay—Migration was ana-

lyzed in 24-well plates receiving 8-�m pore size polyethylene
terephtalate membrane cell culture inserts (BD Biosciences). The
upper compartmentwas seededwith 4� 104 cells inDMEMsup-
plemented with 5% fetal bovine serum. The lower compartment
was filledwithDMEMsupplementedwith10%fetalbovine serum,
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as a chemoattractant. After 24 h at 37 °C, the remaining cells were
removed from the upper side of themembrane. The cells that had
migrated and were attached to the lower side were stained with
hematoxylin and counted in the whole insert, using a light micro-
scope (200� magnification). In vitro invasion was assessed using
thesameinsertsandthesameprotocolasabovebutwith themem-
brane covered with a film of Matrigel� (extracellular-mimicking
matrix; BD Biosciences). Migration and invasion assays were per-
formed in triplicate in eight separate experiments. For easier com-
parison between cells lines, the results obtained formigration and
invasion were normalized to the control condition. In addition,
invasionexperimentswere repeated inNormoNa� (155mM)or in
LowNa� solutions (45mM).

Cell Line RNA Extraction, Re-
verse Transcription, Quantitative,
and Conventional PCR—Total RNA
extraction fromMDA-MB-231 cells
was performed by using RNAgents�
total RNA isolation system (Pro-
mega). RNA yield and purity were
determined by spectrophotometry,
and only samples with an A260/A280
ratio above 1.6 were kept for further
experiments. Total RNA were re-
verse-transcribed with the RT kits
Ready-to-go� You-prime First-Strand
Beads (Amersham Biosciences).
Random hexamers pd(N)6 5�-Phos-
phate (0.2 �g; Amersham Bio-
sciences) were added, and the reac-
tion mixture was incubated at 37 °C
for 60 min. Quantitative (real time)
PCR experiments were performed
with an iCyclerTM system (Bio-
Rad). ThePCRprotocol consisted of
a denaturation step at 95 °C for 2
min, followed by 35 cycles of ampli-
fication at 95 °C for 15 s, 60 °C for
30 s, and 72 °C for 10 s. The experi-
ments were performed in triplicate,
and negative controls containing
water instead of first strand cDNA
were done. The results were calcu-
lated with the �Ct method, where
the parameterCt (threshold cycle) is
defined as the fractional cycle num-
ber at which the PCR reporter signal
passes a fixed threshold. For each
sample �Ct values were determined
by subtracting the average Ct value
of the investigated transcript under
control conditions (cells grown in
normal culture medium) from the
average Ct value of the same tran-
script when the cells were grown for
24 h in presence of 30 �M TTX. For
conventional PCR, the temperature
profile was 2 min at 94 °C, followed

by 35 cycles of amplification which consisted of 30 s of DNA
denaturation at 94 °C, 60 s of primers hybridization at 60 °C,
and 20 s of polymerization at 72 °C and a final extension for 2
min at 72 °C. PCR products were then analyzed by electro-
phoresis in a 2% agarose gel containing ethidium bromide and
visualized byUV trans-illumination (Gel Doc 2000 system; Bio-
Rad). Primers used for PCR experiments had the following
sequences (expected sizes): NaV1.5, forward 5�-CACGCGTT-
CACTTTCCTTC-3� and reverse 5�-CATCAGCCAGCTTCT-
TCACA-3� (208 bp); �1, forward 5�-GAAAACTACGAGCAC-
AACACCA-3� and reverse 5�-GGCAGTATTGCTTTACCC-
ATCA-3� (510 bp); �2, forward 5�-TGACCCACTCTCTTCC-
ATCC-3� and reverse 5�-GGTCCTCTCTGAAGCCACTG-3�

FIGURE 1. Characterization of NaV in breast cancer cells. A, reverse transcription-PCR experiments showing
the mRNA expression of the NaV1.5 �-subunit and of the �1, �2, and �4 subunits in MDA-MB-231 breast cancer
cells. This figure is representative of four separate experiments. B, current-voltage relationship of the sodium
current obtained from a holding potential of �100 mV (n � 80 cells). C, conductance (F) and availability (f)
voltage relationships obtained in the same cells as in B. D, effect of 30 �M TTX on a current elicited by a
depolarization to �30 mV from a holding potential of �100mV.
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(216 bp); �3, forward 5�-TCAACGTCACTCTGAACGA-
CTC-3� and reverse 5�-CATGTCACACTGCTCCTGT-
TCT-3� (346 bp); �4, forward 5�-ACAGCAGTGACGCATTC-
AAG-3� and reverse 5�-CACATGGCAGGTGTATTTGC-3�

(188 bp); CatB, forward 5�-ACAGC-
CCGACCTACAAACAG-3� and re-
verse 5�-CCAGTAGGGTGTGCC-
ATTCT-3� (239 bp); CatS, forward
5�-TCTCTCAGTGCCCAGAA-
CCT-3� and reverse 5�-GCCACA-
GCTTCTTTCAGGAC-3� (248 bp);
CatK, forward 5�-CCTTGAGGCT-
TCTCTTGGTG-3� and reverse 5�-
GGGCTCTACCTTCCCATTCT-
3� (134 bp); CatL, forward 5�-
AGGAGAGCAGTGTGGGAGAA-
3� and reverse 5�-TGGGCTTACG-
GTTTTGAAAG-3� (160 bp); Cys-
tatin C, forward 5�-GATCGTAGC-
TGGGGTGAACT-3� and reverse
5�-CCTTTTCAGATGTGGCTGGT-
3� (115 bp); Cystatin M, forward 5�-
CTTCCTGACGATGGAGATGG-
3� and reverse 5�-GGAACCACAA-
GGACCTCAAA-3� (141 bp); and
Stefin B, forward 5�-TAGGAGAG-
CGTGGCTGTTTT-3� and reverse
5�-TGATGCTCCCTCTTCTGTCC-
3� (128 bp). The efficacy of the prim-
ers for NaV1.5 and �-subunits was
checked in human tissues where the
various isoforms are known to be
expressed, i.e. in cardiac muscle for
NaV1.5 and in the central nervous
system for �1 to �4.
siRNA Transfection Protocol—

MDA-MB-231 breast cancer cells
were transfected with siRNA di-
rected against SCN5A mRNA
(siNaV1.5) or scramble siRNA-A as
a control (siCTL), which were pur-
chased from Santa Cruz, Tebu-Bio
(France). Briefly, cells in suspen-
sion were transfected with 20
nM siRNA by using Lipofectamine
RNAi max (Invitrogen). The
experiments (invasion assays and
patch clamp) were performed 24 h
after transfection.
Fluorescence Measurement of In-

tracellular pH and Perimembrane
pH—Intracellular and perimem-
brane pH were measured using
ratiometric methods (Cairn Opto-
scan) with BCECF (excitation,
400/490 nm; emission, 535 nm)
and fluorescein DHPE (excitation,
440/485 nm; emission, 535 nm)

respectively. The cells were incubated for 45 min at room
temperature in PSS containing 5 �M BCECF-AM. Perimem-
brane pH was monitored by incubating the cells with 1
�g/ml of fluorescein DHPE in serum-free DMEM for 1 h at

FIGURE 2. Involvement of the sodium influx through NaV in invasion. A, effect of veratridine (50 �M) on a sodium
current elicited by a depolarization to �5 mV from a holding potential of �100 mV. The inset emphasizes the
veratridine-induced increase of the sustained current. B, effect of 30 �M TTX, alone or in combination with veratri-
dine (Ver, 10 or 50 �M), on the MDA-MB-231 human breast cancer cells invasion. Statistically different: *, versus
control condition; �, versus veratridine 10 and �, versus veratridine 50 (n � 8 separate experiments). C, effect of
external Na� on MDA-MB-231 invasion. Panel a, effect of reducing external Na� in culture medium, from 155 mM

(Normo Na) to 45 mM (Low Na), on cell invasion (n � 4 separate experiments). Above each bar is shown the corre-
sponding sodium current elicited from a holding potential of �100 to �5 mV in both external solutions (DMEM
Normo Na and Low Na). Panel b, effect of TTX on cell invasion as a function of the extracellular culture medium:
Normo Na or Low Na. Statistically different: *, versus control condition in absence of TTX; �, versus Normo Na
condition (one symbol for p 	 0.05; two symbols for p 	 0.01, and three symbols for p 	 0.001).
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37 °C. In both cases, excess dye was removed by rinsing the
cells twice with PSS.
Calibration for each dye was performed by perifusing each

studied cell with varying pH (pH 6.9–7.6). For determining
internal pH, 0.01 mM nigericin was added to the solution. All of
the data were corrected for background fluorescence.
Western Blots—The specific primary antibodies were rabbit

anti-human Cat B (Fitzgerald) and cathepsin S, K, and L (Cal-
biochem). MDA-MB-231 cells in their subconfluent state cul-
tivated on aMatrigel� basementmembrane were washed twice
with phosphate-buffered saline. The cells were scraped and

lysed in presence of radioimmuno-
precipitation assay lysis buffer (50
mMTris-HCl, pH 7.5, 150mMNaCl,
1% Nonidet P-40, 0.25% sodium
deoxycholate, 1 mM EDTA), con-
taining 1% Triton X-100 and prote-
ase inhibitors (Complete; Roche
Applied Science) for 1 h at 4 °C. Cell
lysates were centrifuged at 16,000�
g for 10 min to remove insoluble
debris. Total proteins concentra-
tions were determined using the
bicinchoninic acid method (Bio-
Rad). Alternatively, culture media
from cells cultivated on a Matrigel�
basement membrane were centri-
fuged to remove floating cells and
then concentrated by centrifugation
with Amicon Ultra-4 columns (Mil-
lipore) at 4,000 � g for 30 min. Pro-
tein samples were diluted in the
sample buffer under reducing con-
ditions, boiled for 3 min, separated
by SDS-PAGE on 12% gels (25), and
then transferred onto a polyvinyli-
dene difluoride membrane (Milli-
pore). After saturation for 2 h in 5%
nonfat milk Tris-buffered saline
solution containing 0.5% Tween
20 (TTBS), the membrane was
incubated overnight at 4 °C with
the primary antibody (1/1,000) in
a 2% nonfat milk TTBS solution.
The membrane was further incu-
bated for 1 h at room temperature,
with a goat anti-rabbit (1/6,000)
horseradish peroxidase-conjugated
secondary antibody (Santa Cruz
Biotechnology). ECL (Amersham
Biosciences) was used for immuno-
detection. Densitometric analyses
were performed using QuantityOne
software v4.6.3 (Bio-Rad).
Cathepsin Activity Assays—After

growing MDA-MB-231 cells on
Matrigel�-coated flasks, total cell
extracts were obtained by a series of

seven freeze/thaw cycles in liquid nitrogen and a 30 °C water
bath. Concentrated supernatants were prepared as described
above. For the assessment ofmembrane-associatedCat activity,
the cells were scraped in phosphate-buffered saline. A panel of
AMC-derived fluorogenic substrates were used to measure
proteolytic activities. The activation buffer was 0.1 M sodium
acetate buffer, pH 5.5, containing 2 mM EDTA and 2 mM dithi-
othreitol. After activation for 5 min, kinetic measurements
were continuously recorded with a microtiter plate reader at
30 °C with �ex � 350 nm and �em � 460 nm (Gemini spec-
trofluorimeter; Molecular Devices). The activities of CatB/K/

FIGURE 3. Effect of transcriptional disruption of NaV channels in MDA-MB-231 cells, using 20 nM siRNA
against NaV1. 5 (siNaV1.5) versus control (siCTL). A, NaV1.5 mRNA expression assessed by Q-PCR (n � 2
experiments). B, NaV1.5 currents recorded at �5 mV from a holding potential of �100 mV in untransfected cells
(CTL, n � 80) or in cells transfected with 20 nM control siRNA (siCTL, n � 10) or siRNA against NaV1.5 (siNaV1.5,
n � 17). Representative currents elicited by a depolarization from �100 mV to �5 mV, recorded from non-
transfected cells (CTL), siCTL, or siNaV1.5 transfected cells, are shown on the right. C, Matrigel� invasion by cells
transfected with siCTL or siNaV1.5 and treated or not with 30 �M TTX, normalized to siCTL without TTX treat-
ment (n � 4 separate experiments). The values are statistically different at p 	 0.001 when compared with siCTL
(A–C) or CTL (B).
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L/S were measured using Z-FR-AMC (10 �M), that of CatB
using Z-RR-AMC (10 �M), those of CatK/S (K 
 S 
 L) were
measured using Z-LR-AMC (10 �M), and those of CatK/B
(K 

 B) were measured using Z-GPR-AMC (10 �M). Experi-
ments with Z-FR-AMC were also performed at pH 8.0 in a
Tris-HCl buffer containing 2 mM EDTA and 2 mM dithiothrei-
tol. Specificity of the Cat-dependent hydrolysis was checked by
preincubation with E-64 (100 �M). Measurement of the overall
Cat activity in concentrated supernatants was performed using
Z-FR-AMC (25 �M) after 2 h of incubation at 30 °C at pH 5.5 in
acetate buffer in presence of dextran sulfate (40 �g/ml). Total
Cat were titrated by using increasing concentrations of E-64
(0–50 nM). The same experiment was repeated in the presence
of CA-074 (0–25 nM) for titration of CatB.
Statistical Analyses—The data are displayed as the means �

S.E. of the mean (n � number of cells/experiments). One-way
analysis of variance on ranks followed by a Student-Newmann-
Keul’s test were used to compare cell proliferation, migration
and invasion, secretion of Cat, and intracellular and perimem-
brane pH in control conditions or in the presence of the differ-
ent drugs and inhibitors. t tests were used to compare cell num-
bers, colony numbers and sizes, and the number of cells
escaping from colonies. Alternatively, a Mann-Whitney rank
sum test was used when the variance homogeneity test failed.
Statistical significance is indicated: p 	 0.05 (*), p 	 0.01 (**),
and p 	 0.001 (***).

RESULTS

NaV1.5 Expression in Cancer Cells and Role in Invasion in
Vitro—MDA-MB-231 breast cancer cells express transcripts
for the cardiac NaV1.5 isoform (Fig. 1A), which has been shown
to be the only functional NaV �-subunit in these cells (16, 17,
26). Although it has been proposed that �-subunits alone are
sufficient to form functional channels (27), mRNA for the �1,
�2, and �4 auxiliary subunits are also expressed (Fig. 1A), sug-
gesting that a completeNaV complex could exist, made up of an
�-subunit associated with multiple auxiliary �-subunits. In all
studied cells, voltage-dependent sodium currents were
recorded. Themean current-voltage (INa-V) relationship of the
sodium current is shown on Fig. 1B (n � 80 cells). The activa-
tion threshold takes place around �60 mV, and the maximal
current density, obtained from a depolarizing pulse from �100
to �10 mV, is seen at �11.29 � 0.89 pA/pF. Conductance-
voltage and availability-voltage relationships show that at volt-
ages between �60 and �20 mV, i.e. in the range of the mem-
brane potentials of these cells (Em � �36.8 � 1.5 mV; n � 105
cells), NaV are partially activated and not fully inactivated (Fig.
1C). This leads to a sustained “window” inward current at �30
mV, which is inhibited by 30 �M TTX (Fig. 1D). This sustained
inward current can be increased by using the sodium channel
opener veratridine (Fig. 2A). Blocking the sodium current with
TTX decreased the invasiveness by about 40% (Fig. 2B). On the
other hand, veratridine dose-dependently enhanced the inva-
siveness of MDA-MB-231 cells. TTX, veratridine (10 and 50
�M), and a mixture of both had no effect on cancer cell migra-
tion (supplemental Fig. S1A). To validate the influence of Na�

entry on invasion through NaV, the assays were repeated with
decreasing the extracellular Na� concentration from 155 to 45

mM (Fig. 2C). This resulted in a 3-fold reduction of INa (Fig. 2C,
panel a) and a slight membrane potential hyperpolarization
(-4.00 � 1.62 mV, n � 4). Reducing the Na� concentration of
the culture medium decreased invasion by �34%, whereas it
had no effect on cell viability for 24 h and no effect on NaV1.5
expression (supplemental Fig. S2). Likewise, TTX was
approximately three times less effective in reducing invasion
in the Low Na� culture medium (Fig. 2C, panel b). This
highlights the crucial role of the inward sodium gradient in
cell invasion. We then knocked down the expression of
NaV1.5 by using a siRNA protocol (Fig. 3). The transfection
of siRNA directed against NaV1.5 mRNA was assessed by
quantitative reverse transcription-PCR and resulted in a 65%
reduction of expression compared with the transfection of
siCTL (Fig. 3A). This reduction in mRNA level was associ-
ated to a �70% reduction of the maximal current recorded
when the cells were submitted to a depolarization from�100
to �5 mV (Fig. 3B). When NaV1.5 expression was knocked

FIGURE 4. Effect of NaV activity on MDA-MB-231 cell proliferation and
colony growth. A, cell growth for 6 days on noncoated (squares) and
Matrigel�-coated (circles) 24-well plates, in presence (gray) or not (black)
of 30 �M TTX, expressed as 570 nm absorbance. B, cell sizes were assessed
using the ImageJ 1.38I software, in control (CTL, n � 42) or TTX conditions
(n � 42).
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down, MDA-MB-231 cells invasiveness was reduced by
about 35% and was no longer significantly reduced by TTX
(Fig. 3C).

Cancer Cell Colony Growth and
Three-dimensional Matrix Inva-
sion—As we have previously re-
ported, sodium channels promote
cell invasion but do not participate
in in vitro proliferation on non-
coated culture dishes (15, 17) (Fig.
4A). Here, flasks were coated with a
film ofMatrigel� to evaluate its pos-
sible effect on cell proliferation. Cell
proliferation as a monolayer on an
extracellular matrix was not af-
fected by the presence of TTX in the
external medium, supporting the
idea that cell proliferation did not
depend on NaV1.5 activity (Fig. 4A).
Cell size was also unaffected by the
TTX treatment (Fig. 4B). However,
in vivo, cancer cells usually grow
deep within a tissue, surrounded by
extracellular matrix. To better mim-
ic such conditions, the cells were
spread into a three-dimensional
Matrigel�-composed matrix. The
day after seeding, the media were
changed and replaced with control
or TTX-containingmedia. Cell pro-
liferation induced the formation of
colonies with or without TTX (Fig.
5A). However, colonies were 56%
smaller in the presence of TTX than
in control conditions (Fig. 5B). Like-
wise, the number of cells escaping
from the colonies and infiltrating
the three-dimensional matrix was
inhibited by 88% (Fig. 5C).
Proteolytic Activities of MDA-

MB-231 Cells—Experiments were
then performed to understand how
NaV1.5 function influenced the dis-
tribution of protease activity within
the Matrigel�. To do so, we used
DQ-gelatin, a gelatinic substrate
that releases fluorescent products
after proteolytic cleavage. As shown
on Fig. 6A, the gelatinolytic activity
is mainly distributed at the per-
imembrane level, which suggests
that some gelatinases are released/
secreted. Culture with TTX (30 �M)
induced aweaker gelatinolysis at the
cell periphery (�65% reduction of
fluorescence intensity), supporting
a regulatory role of NaV in extracel-
lular gelatinolysis (Fig. 6). The flu-

orogenic substrate Z-FR-AMC (10 �M) was readily hydrolyzed
by MDA-MB-231 cell lysates. Fluorescence release was almost
10 times higher at pH 5.5 than at pH 8.0 and was abolished by

FIGURE 5. Effect of NaV activity on MDA-MB-231 colony growth. A, cancer cell colonies in a three-dimensional
Matrigel� matrix in the presence or absence of 30 �M TTX. The pictures were taken with different objectives at the
optical microscope: �20 (top pictures) and �40 (bottom pictures). The scale bars correspond to 100 �m. B, sizes of
cancer cell colonies in control (CTL, n�166)andTTXconditions(n�274). C,numberofcellsescapingfromcoloniesand
invading the matrix were assessed in control (n � 2088) and TTX conditions (n � 245), using the ImageJ 1.38I software.
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addition of 100 �M E-64 (data not shown), indicating that
hydrolysis was related to Cat activity and not to trypsin-like
serine proteases. Cat activities were then measured in cell
lysates using different specific substrates (Fig. 7A). In addition
to Z-FR-AMC, which was degraded by all cysteine endopepti-
dases, cleavage of Z-RR-AMC indicated the presence of CatB.
Z-LR-AMCwas cleaved both at pH5.5 (Fig. 7A) and undermild
alkaline conditions (pH 7.5) after incubation for an hour (data
not shown), indicating the presence of active CatS, which
remains stable under such conditions in contrast to CatK
(28–30).
Influence of NaV on Cathepsin-dependent Invasiveness of

Cancer Cells—The relative contribution of Cat B, S, K, and L
on cell invasiveness was investigated using combinations of
specific cell-impermeant Cat inhibitors. CA-074, an inhibitor
of CatB, reduced cell invasion by �40% (Fig. 7B). The same
reduction was observed with Z-FL-COCHO (CatS inhibitor).
Z-L-NHNHCONHNH-LF-Boc (CatK inhibitor) reduced the
invasion by �25%, whereasN-(4-biphenylacetyl)-S-methylcys-
teine-(D)-Arg-Phe-�-phenethylamide (CatL inhibitor) had
only a weak effect (	10%). Individual inhibition of CatB and S
gave a similar reduction of invasion, so we further compared
the effects of a mixture of both CA-074 and Z-FL-COCHO. In

that case, no significant additive effect was observed compared
with their individual effects. Alternatively, submitting cells to a
mixture of all given specific inhibitors (i.e. inhibitors for CatB,
S, K, and L) reduced invasion by�65%; this effect was the same
as that observed with the broad spectrum Cat inhibitor E-64.
This strongly suggests that CatB, S, K, and L are the main cys-
teine Cat involved in MDA-MB-231 cell invasion. Conversely,
neither of the protease inhibitors tested had any effect on
MDA-MB-231 cell survival/migration (supplemental Fig. S1, B
and C).
The invasiveness of MDA-MB-231 cells was decreased by

�40 and �65% in the presence of TTX and E-64, respectively
(Fig. 7C). However, the combination of both TTX and E-64 did
not further reduce cell invasion (�65%), compared with E-64
alone. These results indicate that Cat were mainly responsible
for the Matrigel� degradation by MDA-MB-231 cells but also
suggest thatNaV1.5 channelsmay partly promoteCat activities.
Furthermore, TTX potentiated the inhibitory effects of CatK
inhibitor (from 25 to 43%) on invasion, but not those of CatB,
CatS, orCatL inhibitors. These results strongly support the idea
that CatB-, CatS-, and CatL-mediated extracellular matrix deg-
radation, but not that of CatK, is partially controlled by NaV
activity. Because different isoforms of sodium channels have
been reported to be involved in the invasion process of different
cancer cell lines (15), we hypothesized that the link between
NaV activity and invasionmay occur through themodulation of
Cat activities. We used the metastatic non-small cell lung can-
cer cell line H460, known to express TTX-sensitive sodium
channels (18). E-64 inhibited �75% of H460 cells invasion,
indicating here again a prominent role of Cat in invasiveness
(Fig. 7D).
To understand the mechanism by which NaV promotes

CatB- and CatS-dependent invasiveness, we did quantitative
PCR experiments to investigate whether the TTX treatment
modified the mRNA expression of Cat or their physiological
inhibitors, i.e. cystatins C and M and stefins A and B. Stefin A
was very poorly expressed (data not shown), and therefore we
focused on cystatins C andM and stefins B. TTX had no signif-
icant effect, neither on the mRNA expression of Cat as well as
their inhibitors, nor on the expression of NaV1.5 channels
themselves (Fig. 8A). Because TTX induced a reduction of the
extracellular degradation of DQ-gelatin (Fig. 6), we analyzed
the effect of NaV on the membrane-associated and secreted
forms of Cat. Titration experiments, performed on intact cells
previously grown on Matrigel�, indicated that the concentra-
tion of active, membrane-associated Cat (total Cat as well as
CatB) was not affected by the TTX treatment (Fig. 8B). Simi-
larly, their concentrated cell-free supernatants showed compa-
rable Cat activity toward Z-FR-AMC substrate at pH 5.5, in
presence or not of TTX (Fig. 8C). Western blot analyses
revealed the presence of mature single-chain (31 kDa), double-
chain (25 kDa), and zymogen (45 kDa) forms of CatB (Fig. 7D)
and mature (28 and 24 kDa) and proforms (36 kDa) of CatS.
However, for bothCat, themature formswere the predominant
forms in cell lysates, whereas soluble proforms were predomi-
nant in cell-free supernatants. Densitometric analyses of CatB
and S (proform and active forms) indicated that TTX had no
effect, neither in cell lysates nor in supernatants, and therefore

FIGURE 6. Effect of NaV activity on MDA-MB-231 cells pericellular gelati-
nolysis. A, confocal imaging of MDA-MB-231 cells grown for 24 h in a three-
dimensional Matrigel� matrix containing DQ-Gelatin� in control conditions
(CTL) or in presence of 30 �M TTX (TTX). The scale bars correspond to 20 �m.
B, quantification of fluorescence intensity from DQ-gelatin cleavage in con-
trol conditions (CTL) or in presence of 30 �M TTX. **, p 	 0.01 (n � 3).
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NaV inhibition did not affect CatB
and S release (Fig. 8D and supple-
mental Fig. S3). Western blots were
also performed for CatL and CatK;
TTX had no effect on CatL amount
in cell lysates or supernatants; CatK
was immunodetected in cell lysates
but not in supernatants (data not
shown).
Cat are classically known to have

an optimal activity in an acidic envi-
ronment (7). We thus measured the
intracellular and the perimembrane
pH in control conditions or in pres-
ence of TTX (Fig. 9). The blockade
of NaV activity with TTX led to an
intracellular acidification (from pH
7.31 � 0.03 to pH 6.87 � 0.06; Fig.
9A), which was associated with a
pericellular alkalinization (from pH
7.32 � 0.03 to pH 7.47 � 0.01; Fig.
9B) of MDA-MB-231 cancer cells.
NaV activity is therefore responsible
for the acidification of the perimem-
brane space.

DISCUSSION

NaV1.5 (in the form of the fetal
splice variant) have been shown to
be expressed in the highly meta-
static MDA-MB-231 breast cancer
cells and in high grade cancer breast
tissues but not in noncancer or low
grade cancer biopsies (16, 17).
ThereforeNaV expression and func-
tionality may be considered as
markers of a metastatic phenotype.
In the present study, we have iden-
tifiedmolecular targets regulated by
NaV activity and demonstrated their
involvement in cancer cell invasive-
ness. This is the first attempt to
determine the signaling pathway
linking the function of ion channels
in cancer cells with the regulation of
proteolytic activity. Although NaV
activity has no effect on the expres-
sion and secretion levels of Cat, it
enhances their activity in the extra-
cellular environment of breast can-
cer cells through the regulation of
the perimembrane pH.
In a first part of this work, we

showed that NaV were expressed
and functional in highly invasive
MDA-MB-231 breast cancer cells.
Although the expression of NaV
�-subunits is sufficient for channel

FIGURE 7. Proteolytic activities in MDA-MB-231 cells: involvement of cathepsins in the invasion process.
A, enzymatic assays performed on total cell lysates (sodium-acetate buffer pH 5.5, 2 mM dithiothreitol, and 2 mM

EDTA) in the presence of different fluorogenic substrates of Cat (see “Experimental Procedures”) (n � 4 sepa-
rate experiments). B, effect of specific or broad spectrum (E-64) Cat inhibitors on cell invasiveness. All the Cat
inhibitors were responsible for a significant (***, p 	 0.001) reduction of the cell invasiveness compared with
the control condition (n � 8 separate experiments). C, effects of Cat inhibitors alone or in combination with 30
�M TTX on normalized Matrigel� invasion of MDA-MB-231 cancer cells (n � 8 separate experiments). D, effects
of Cat inhibitors in presence or not of 3 �M TTX on Matrigel� invasion by H460 metastatic non-small cell lung
cancer cells. Invasion through Matrigel� was normalized to the invasion in the absence of treatment (see
“Experimental Procedures”). The effect of each inhibitor on invasion is compared with the same condition in
presence of TTX. *, p 	 0.05; ***, p 	 0.001.
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functionality (31), auxiliary �-subunits are also expressed, and
cancer cells express transcripts for complete NaV complexes. If
the events leading to NaV expression in cancer cells are not
known, it can be postulated that a transcription factor control-
ling the expression of a set of genes participating in ion channel
function is deregulated. One candidate could be the transcrip-
tion factor REST (RE-1 Silencing Transcription factor) known

to restrain the expression of differ-
ent NaV and associated proteins in
excitable cells and demonstrated to
be down-regulated or mutated in
several cancers (32–34). Another
interesting finding is the expression,
in the p53-mutated MDA-MB-231
cells, of all the known �-subunits
except �3 (SCN3B gene), which has
been demonstrated to be a proapo-
ptotic factor induced by p53 in cases
of DNA damage (35).
We then demonstrated the pres-

ence of a continuous sodium influx
(window current) through NaV at
the membrane potential of the can-
cer cells. Blocking this residual
channel activitywithTTX, reducing
the inward gradient of Na�, or
knocking down the expression of
NaV1.5 reduced cell invasiveness,
while increasing channel opening
with veratridine had the opposite
effects. We thus propose that NaV
exert their pro-invasive effects
through the influx of sodium. We
have previously shown that in vitro
proliferation, as monolayers, was
not affected by NaV activity (15).
However, cancer cells in vivo are
surrounded by other cells and con-
nective tissues, making the proteol-
ysis of the extracellular matrix a
necessary process of tumor growth.
Indeed even if NaV activity does not
regulate cancer cell multiplication
per se, it promotes tumor growth as
a result of the extracellular matrix
digestion. Here we have demon-
strated that NaV-regulated pro-
teases allow cancer cells to spread
and invade the surrounding matrix
in vitro. We have shown that NaV
functionality does not modulate
cancer cellmigration. This is in con-
tradiction with what is observed by
Djamgoz and co-workers (16), but
we do not have any explanation for
this apparent discrepancy (except
for some different experimental
conditions such as the use of migra-

tion inserts with 12-�m instead of 8-�m diameter pores and
10% instead of 5% fetal calf serum).
To digest the external matrix, cells express extracellularly

active proteases that can be associated with the membrane but
can also be released as soluble forms into the surrounding envi-
ronment. This is confirmed by experiments using DQ-gelatin
as a fluorescent substrate (36) (Fig. 6). We showed that Cat are

FIGURE 8. Regulation of cathepsins by NaV. A, quantitative PCR showing the relative effect of the TTX treat-
ment on the mRNA expression of NaV1.5, Cat, and their physiological inhibitors. The results are expressed as
percentages of control condition without TTX (n � 4 separate experiments). B, effect of TTX treatment on the
membrane-associated Cat activity of intact cells. Cat titration was performed by using E-64. Alternatively,
CA-074 was used to determine CatB concentration (see “Experimental Procedures”) (n � 6 separate experi-
ments). C, effect of TTX treatment on the Cat activity measured in concentrated supernatants (Buffer: 0.1 M

sodium acetate, pH 5.5, containing 2 mM dithiothreitol, and 2 mM EDTA). Enzymatic assays were performed
using Z-FR-AMC as a substrate (n � 6 separate experiments). D, Western blots for the Cat B and S in total cell
lysates or in concentrated supernatants (�100) from MDA-MB-231 grown for 24 h on Matrigel� in the presence
or absence of 30 �M TTX. White and black arrowheads indicate proforms and mature Cat, respectively. These WB
are representative of seven and four separate experiments for cathepsin B and S, respectively.
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predominantly responsible for MDA-MB-231 cancer cell inva-
siveness. The Cat involved are mainly CatB and CatS and are
excreted/secreted to the extracellular medium.
Considering the fact that TTX does not have any additive

effect on cell invasiveness when co-applied with CatL inhibitor,
we could postulate that this cathepsin is regulated byNaV func-
tioning. However, this reversible CatL inhibitor (N-(4-
biphenylacetyl)-S-methylcysteine-(D)-Arg-Phe-�-pheneth-
ylamide) only leads to a weak inhibition of cell invasiveness
(	10%), suggesting a very slight involvement in the extracellu-
larmatrix degradation. This apparent effect could also be due to
a basal cross-reactivity with other, closely related enzymes.
InMDA-MB-231 cells, CatK was present in cell lysates (data

not shown) but not immunodetected in supernatants, suggest-
ing that it is restricted to intracellular compartments (lyso-
somes/endosomes). The effects of CatK inhibitor on cell inva-
siveness could therefore be attributed to nonspecific effects.
Because there is more and more evidence for the expression

of functional NaV in metastatic cancer cell lines and tumors in
vivo (15), we chose to study the invasiveness of the human lung
cancer cell line H460, which also expresses functional NaV (18).

Here again we found that Cat are responsible for �75% of can-
cer cell invasion (Fig. 7D). CatB, CatS, and CatL are involved in
the invasion ofH460 cells and are, at least partially, regulated by
NaV activity. Although theways inwhichCat are secreted to the
extracellular space are not completely understood, it is known
in many different cancer types that they can be secreted as
immature proforms as well as active forms (9). It has been
reported that CatB can be released following the fusion of lyso-
someswith the plasmamembrane (12). However, if this was the
sole mechanism of release, we would only find mature forms
(25 and 31 kDa, (37)) whereas we also identified a bigger quan-
tity of proforms (45 kDa). Although Cat, such as CatS, are
tightly regulated and can be auto-activated in the pericellular
space at neutral pH, their optimal activity is obtained for acidic
pH (7). We showed in this study that NaV tends to alkalinize
intracellular pH, and acidify perimembrane extracellular pH,
which renders the secreted Cat more active. In our experi-
ments, because of proton diffusion, we probably underestimate
the perimembrane acidification. The NaV-dependent acidifica-
tionmight be greater in particularmembrane locations, such as
caveolae or podosome-like structures, leading to a specific
microenvironment with a lower pH than observed globally.
Indeed, the proteolytic activity is known to be concentrated in
these particular perimembrane areas. Interestingly, a pericellu-
lar acidification of cancer cells has already been reported (38)
and promotes metastasis in an in vivo model of human mela-
noma (39). The way by which NaV activity regulates intra- and
extracellular pH is still unknown. It may involve regulation of
different pHmodulators such as the sodium-proton exchanger
family (NHE), the bicarbonate transporter family (BCT), the
vacuolar H�-ATPase (V-ATPase), or the monocarboxylate
transporter family (MCT). All of these pH regulators have
already been proposed to bemolecular targets for cancer chem-
otherapy (40, 41).
In conclusion, we showed herein that the abnormal expres-

sion of functionalNaV complexes, known to be characteristic of
highly metastatic cells, increases cell invasiveness and also
increases cancer cell colony growth in three-dimensional mat-
rices, through a pH-dependent, up-regulated Cat activity. In
agreement with others (9, 10, 12, 42), we propose that cysteine
Cat might be central players in cancer cell invasion, tumor
growth and metastasis development. NaV activity results in the
acidification of the perimembrane pH and thus enhances the
proteolytic activity of Cat toward the surrounding matrix. We
propose that the regulation of Cat involves the functionality of
NaV and may be a general mechanism in highly aggressive can-
cers. NaV could be considered as new targets against tumor
growth and metastases.
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